Amyloid precursor protein (APP) and iron both play pivotal roles in the central nervous system, but whether and how iron influences the processing of endogenous APP in neurons remain unclear. Here, we investigated the regulatory effects and underlying mechanisms of iron on non-amyloidogenic and amyloidogenic processing of APP in rat primary cortical neurons. Treatment of the neurons with ferric ammonium citrate (FAC, 100 μmol/L) markedly facilitated the non-amyloidogenic processing of APP, as evidenced by a robust increase in α-secretase-derived carboxy-terminal fragment α (CTFα). Furthermore, the distribution of sAPPα was altered after iron treatment, and sAPPα remained in the cellular lysates instead of being secreted into the extracellular milieu. Moreover, the levels of APP amyloidogenic products, including sAPPβ and Aβ were both decreased. We further revealed that FAC did not alter the expression of β-secretase, but significantly suppressed its enzymatic activity in iron-treated neurons. In a cell-free β-secretase activity assay, FAC dose-dependently inhibited the activity of purified β-secretase with an IC 50 value of 21.67 μmol/L. Our data provide the first evidence that iron overload alters the neuronal sAPPα distribution and directly inhibits β-secretase activity. These findings shed light on the regulatory mechanism of bio-metals on APP processing.
Introduction
Amyloid precursor protein (APP) is a single-pass transmembrane protein that is highly expressed in the central nervous system (CNS) [1] . Under normal conditions, APP is predominantly processed through the non-amyloidogenic pathway by α-secretase, thus generating the neuroprotective ectodomain sAPPα and the carboxy-terminal fragment α (CTFα) [2] . Alternatively, a small pool of APP is processed via the amyloidogenic pathway through β-secretase (BACE1) [3] , thus producing sAPPβ and CTFβ. CTFβ is further cleaved by γ-secretase, thereby yielding β-amyloid (Aβ). Although the significantly triggered amyloidogenic pathway of APP has been extensively studied in the context of Alzheimer's disease, as reviewed by Zhang [4] , the physiological function of APP in the CNS and the possible regulatory mechanisms remain poorly understood.
Among the heterogeneous genetic and non-genetic factors potentially involved in the etiology of various neurodegenerative disorders, the abnormal accumulation of iron in the CNS has attracted substantial attention. Iron is gradually deposited in selective brain regions during normal aging [5, 6] , as well as in the progression of neurodegenerative diseases [7] [8] [9] . Excess iron has been linked to oxidative stress and neuronal damage, because addition of iron to neurons or animals could induce free radical production, mitochondrial dysfunction, and eventually lead to neuronal death [10] [11] [12] [13] . Therefore, iron accumulation in brain cells must be tightly regulated to maintain essential cellular functions and avoid cytotoxicity. Accumulating evidence supports a role of APP in maintaining brain iron homeostasis. Holo APP and sAPPα have been reported to facilitate iron efflux by stabilizing the cell surface distribution of the iron exporter ferroportin [14, 15] . In contrast, ablation of APP in primary neurons results in iron retention [16] , whereas knocking out APP in mice causes iron accumulation in the brain [17] . Whereas APP influences iron export, the converse is also true, as iron modulates APP metabolism. Cellular iron level regulates the translation of APP by acting on the ironresponsive element existing in the 5'-untranslated region of APP mRNA [18] . It has also been reported that iron affects APP processing and Aβ production [19] [20] [21] [22] . However, most previous studies have focused on the effects of iron on APP amyloidogenic processing using transgenic animals [19, 20] or cells [20, 21] overexpressing APP, and hence the results may not truly reflect the physiological interaction between iron and APP in neurons. Furthermore, the effects of iron on neuronal APP non-amyloidogenic processing remain to be elucidated.
To address these issues, the current study was designed to evaluate the overall effects, as well as the potential mechanisms, of iron overload on both non-amyloidogenic and amyloidogenic processing of APP, by using primary neurons carrying endogenous APP. It is critical to perform experiments directly on neurons, because they are more susceptible to iron overload than many other cell types in the brain [23] . More importantly, primary neurons process APP differently from other non-neuronal or even neuronal cell lines [24] .
Materials and methods
Primary cortical neurons culture and treatment Cortical cultures of neurons were prepared from 17-d-old embryos of Sprague-Dawley rats, as previously described [25] . Briefly, the cortices were rapidly dissected and minced on ice and then digested at 37 ºC in 0.125% trypsin in the presence of 0.2 μg/mL DNase I for 15 min. Next, the tissues were dispersed into single cell suspension by gently pipetting in highglucose Dulbecco's modified Eagle's medium (HG-DMEM; Gibco, Grand Island, NY, USA) with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and sequentially filtered through 300-and 400-mesh sieves. The cells were placed onto plates or dishes (Corning, NY, USA) pre-coated with poly-Llysine (Sangon Biotech, Shanghai, China) for different experiments. The culture medium was changed from HG-DMEM plus FBS to neurobasal medium (Gibco, Grand Island, NY, USA) supplemented with 0.5 mmol/L L-glutamine (SigmaAldrich, St Louis, MO, USA) and 2% B27 (Gibco, Grand Island, NY, USA) 4 h later. Half of the medium was refreshed every other two days.
After 9 days in vitro (DIV), the culture medium was replaced with fresh neurobasal medium without B27 supplement. Neurons were pretreated for 2 h with or without 100 μmol/L iron chelator deferoxamine (DFO; Sigma-Aldrich, St Louis, MO, USA) or 300 μmol/L antioxidant N-acetylcysteine (NAC; Sigma-Aldrich, St Louis, MO, USA) before another 24 h incubation with 100 μmol/L ferric ammonium citrate (FAC; Sigma-Aldrich, St Louis, MO, USA). The control group was maintained in the same volume of culture medium without any treatment. In addition, samples for detection of APP CTFα were collected from neurons pretreated with 2 μmol/L γ-secretase inhibitor Avagacestat (AVA; Selleck, Houston, TX, USA) for 2 h before another 24 h incubation without or with FAC so as to observe the direct effects of iron on APP α-cleavage without disturbance from γ-secretase.
Western blot analysis
Cell lysates and conditioned medium were separately harvested on ice for further analysis. Lysates were prepared in RIPA buffer (50 mmol/L Tris-HCl, 150 mmol/L NaCl, 2 mmol/L EDTA, 0.5% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 1 mmol/L NaF, 1 mmol/L Na 3 VO 4 , 1 mmol/L PMSF, pH 7.4) plus 1% protease inhibitor cocktail (SigmaAldrich, St Louis, MO, USA), and protein concentrations were determined with a BCA protein assay kit (Pierce, Rockford, IL, USA). Medium was collected from neurons cultured in 10-cm dishes in the presence of protease inhibitor cocktail and centrifuged at 1000×g for 8 min at 4 ºC to remove cell debris. The supernatants were then concentrated with Microcon columns (Millipore, Billerica, MA, USA) with a nominal molecular weight cutoff of 50 kDa. The above samples were mixed with loading buffer and boiled for 10 min. Aliquots of cellular lysates or concentrated medium were subjected to 16.5% Tristricine gels for APP CTF separation or 8% Tris-glycine gels for the detection of other proteins and then transferred to nitrocellulose membranes (Amersham GE Healthcare, Piscataway, NJ, USA). Membranes were incubated overnight at 4 ºC with antibodies to APP C-terminus (1:5000; Sigma-Aldrich, St Louis, MO, USA), sAPPα (1:100; IBL, Takasaki-Shi, Japan), sAPPβ (1:500; BioLegend, San Diego, CA, USA), BACE1 (1:1000; Abcam, Cambridge, UK), β-Actin (1:50 000; Sigma-Aldrich, St Louis, MO, USA) or α-Tubulin (1:5000; Santa Cruz, CA, USA). Density measurements of the bands were performed with ImageJ software.
Quantification of endogenous Aβ 1-40 by enzyme-linked immune sorbent assay (ELISA) Levels of Aβ 1-40 in the medium were evaluated by ELISA with a commercial kit (Invitrogen, Carlsbad, CA, USA) that specifically recognized mouse and rat Aβ . Conditioned medium was collected from neurons in 12-well plates in the presence of protease inhibitor cocktail. After the removal of cell debris by centrifugation, aliquots of medium (200 μL) were incubated in antibody-coated wells overnight at 4 ºC. After washing, wells were incubated with primary antibody and then horseradish peroxidase-conjugated secondary antibody. After removal of excess secondary antibody and incubation with the chromogen substrate for 30 min, stop solution was added. The optical density of each sample was monitored with a Beckman DTX880 microplate reader (USA) at 450 nm. A standard curve was generated by using the synthetic Aβ 1-40 supplied with the kit, which was diluted in neurobasal medium (0-500 pg/mL). The levels of secreted Aβ were normalized to cellular protein concentrations in the culture.
β-Secretase activity assay A β-secretase assay kit was purchased from Invitrogen, and experiments were performed according to the manufacturer's protocol. The assay was performed in black 384-well microplates. Control and FAC-treated neurons grown in dishes were washed with PBS twice. The cells were scraped mechanically in 100 μL cold β-secretase extraction buffer, collected in tubes, maintained on ice for 10 min, and centrifuged at 10 000×g for 5 min at 4 ºC. The supernatant was transferred to a new tube, and protein concentration was quantified with the Bradford method (BIO-RAD, CA, USA). After quantification, the supernatant was diluted with reaction buffer. An aliquot of each cellular sample (1.5 μg protein) in 10 μL buffer was mixed with 10 μL reaction buffer alone or with buffer containing β-secretase inhibitor OM99-2 (10 μmol/L final concentration; Bachem, Bubendorf, Switzerland). Then, 10 μL of the substrate supplied with the kit and diluted in reaction buffer was added. The reaction mixture was incubated for 90 min at 37 ºC in the dark and terminated by the addition of 10 μL stop solution. The fluorescence intensity of the enzymatic product was measured at Ex/Em=535/585 nm on a BioTek SYNERGY4 Reader (USA).
To evaluate whether FAC directly inhibited β-secretase activity, purified BACE1 was used to co-incubate with a dilution series of FAC (1-500 μmol/L). The procedures were the same as the above-mentioned cell-based β-secretase activity assay. The recorded fluorescence signal was compared with that of an assay mixture without FAC, and the half maximal inhibitory concentration (IC 50 ) of FAC toward purified BACE1 was calculated.
Statistical analysis
Data are expressed as the mean±SEM and obtained from at least 3 independent experiments. Significant differences were evaluated with independent-samples t tests, except when multiple treatment groups were compared within individual experiments by an ANOVA test. P values less than 0.05 were considered significant.
Results

Iron treatment increased APP CTFα
To evaluate the effect of iron on endogenous APP processing, rat primary cortical neurons at DIV 9 were treated with 100 μmol/L FAC for 24 h. Cell lysates were harvested to detect the level of full-length (FL) APP with an antibody specifically recognizing APP C-terminus. Western blot results showed that FAC did not alter the protein level of FL-APP (APP FL ) (Figure 1 ). APP is primarily executed by the α-secretase catabolic pathway, which releases sAPPα and membrane-anchored CTFα. CTFα is further processed by the γ-secretase complex, thus producing p3 plus APP intracellular domain. To observe the effect of FAC on α-secretase-cleavage products without disturbance from γ-cleavage, neurons were treated with FAC in the presence of the γ-secretase inhibitor AVA and collected to measure the levels of CTFα with the same antibody used to detect APP FL . As shown in Figure 1 , we observed that FAC up-regulated the non-amyloidogenic processing of APP, as exhibited by the increased level of CTFα in FAC-treated group compared with control group ( Figure 1A) . Statistically, FAC treatment induced a 40%-50% increase in the level of CTFα (P<0.01 vs control group, Figure 1B) .
Iron treatment increased cellular retention of sAPPα To better understand the regulatory effect of FAC on APP non-amyloidogenic processing in primary neurons, we further examined the level of sAPPα, the amino-terminal cleavage product of α-secretase, in the culture medium and cell lysates. FAC treatment caused an obvious decrease in sAPPα in the culture medium of FAC-treated neurons (Figure 2A) , to approximately 70% that of the control (P<0.01, Figure  2B ). Although sAPPα is normally liberated into the culture medium [26] , several studies have demonstrated that this fragment is also detected in the cell lysates under specific conditions [27] [28] [29] . We then detected the level of sAPPα in the cell lysates by Western blot analysis. In agreement with results from previous report [26] , sAPPα was scarcely detectable in the cell lysates of non-treated neurons (Figure 2A) . In contrast to the decreasing tendency in the extracellular medium, FAC incubation resulted in robust retention of sAPPα in cell lysates (Figure 2A) , which had levels approximately five times greater than those in the control (P<0.05, Figure 2B ).
Iron treatment decreased the secretion of sAPPβ and Aβ
In the amyloidogenic processing pathway, APP is cleaved by β-secretase, thus generating sAPPβ and CTFβ, and further cleavage of CTFβ by γ-secretase yields Aβ. The result in Figure 3A revealed that exposure to FAC significantly downregulated the level of sAPPβ in the culture medium of primary neurons to approximately 50% that of the control (P<0.01). Similarly, the secretion level of endogenous Aβ 1-40 in FACtreated neurons declined by approximately half, as compared with that in the control (P<0.01, Figure 3B ). This effect of FAC on Aβ secretion was neutralized by the iron chelator DFO (P<0.01 vs FAC-treated group), whereas DFO alone did not influence Aβ secretion ( Figure 3B ). Since oxidative stress is the primary mediator of iron-induced cascades [30] , we considered whether the decreased secretion of Aβ was a generalized but extensive downstream effect of iron-triggered reactive oxygen species accumulation. However, pre-incubation of the neurons with the free radical scavenger NAC did not block the Figure 3B ).
Iron treatment suppressed the β-secretase activity of neurons
To elucidate the mechanism underlying the suppressive effect of FAC on APP amyloidogenic processing, we analyzed the influence of FAC on one of the major responsive cleavage enzymes, BACE1, which has been recognized as the β-secretase of APP in neurons [3] . As shown above, FAC decreased the levels of sAPPβ and Aβ, both of which are products of APP amyloidogenic processing, thus suggesting that this treatment causes β-secretase inhibition. To verify this possibility, the protein level and enzymatic activity of β-secretase were monitored. Immunoblot analysis showed that FAC did not change the expression level of BACE1 in the lysates of primary neurons ( Figure 4A ). In contrast, FAC treatment notably lowered β-secretase activity in primary neurons (P<0.05 vs control, Figure 4B ). To validate the specificity of the β-secretase activity assay in cellular samples, the β-secretase inhibitor OM99-2 was co-incubated with cell lysates. OM99-2 effectively inhibited the activity of β-secretase to approximately 30% that of the control in both non-treated and FACtreated neurons (P<0.01, Figure 4B ).
Iron treatment directly inhibited purified BACE1
Our previous result has indicated that FAC treatment for 24 h increases intracellular iron levels [11] . Together with the evidence of the intracellular distribution of BACE1, it is therefore reasonable to assume direct interaction between iron and BACE1. To further elucidate the possible mechanisms of FAC on β-secretase inhibition, we then used a cell-free β-secretase activity assay. As shown by the inhibition curve in Figure  5 , FAC inhibited the activity of purified BACE1 in a dosedependent manner, with an IC 50 value of 21.67 μmol/L (95% confidence limit: 14.60-32.17 μmol/L). In addition, FAC did not have any direct quenching effect on the fluorescence-based assay of β-secretase (data not shown).
Discussion
In the present study, we systematically validated the regulatory effects and underlying mechanisms of FAC on endogenous APP metabolism in primary neurons. The major findings of the present study include the following: 1) iron overload increased the cellular retention of sAPPα in primary cortical neurons; 2) iron overload decreased the extracellular levels of two important APP cleavage products, sAPPα and Aβ, shifting away from the normal physiological levels; 3) clarified the direct molecular target of iron on BACE1. Given the crucial physiological and pathological roles of APP and its cleavage products in the CNS, it is likely that iron overload may affect neuronal function by perturbing the normal processing of APP.
APP is predominantly processed by α-secretase, thereby releasing sAPPα and CTFα. In our experimental system, we observed an increase in CTFα in primary neurons after FAC treatment (Figure 1 ), thus suggesting that iron overload facilitates non-amyloidogenic processing of endogenous APP. This finding is also supported by results from a previous study performed on PC12 cells [31] . Earlier work has indicated that sAPPα is distributed almost exclusively to the extracellular milieu [26] . However, subsequent studies have shown that sAPPα can also be detected in cell lysates under certain conditions [27] [28] [29] . For example, treatment of neurons with aggregated, but not monomeric Aβ, results in intracellular retention of sAPPα [27] . As reviewed by Habib [32] , sAPPα interacts with multiple cellular proteins and consequently achieves various functions, thus further indicating the potential cellular localization of sAPPα. Interestingly, we observed cellular retention of sAPPα in primary neurons after FAC treatment ( Figure  2 ), thus further indicating that altered distribution of sAPPα may be a useful indicator of external stimuli. Although it is unclear what mechanism drives this abnormal retention of sAPPα, there is evidence indicating that the cellular distribution of sAPPα may derive from intracellular cleavage of APP by α-secretase [29] , or internalization of extracellular sAPPα through cell surface receptors [33] . The physiological functions of sAPPα have been extensively studied. Multiple lines of evidence indicate that sAPPα plays a key role in the outgrowth and survival of neurons, as determined by cell culture studies, as well as exerts neuroprotective effects against iron-mediated oxidative injury, free radical-mediated neurotoxicity, and ischemic spinal cord and traumatic brain injuries (reviewed by Habib [32] ). In contrast, decreased secretion of sAPP or sAPPα is closely associated with neuronal damage under conditions such as abnormal lipid metabolism [34, 35] , hypoperfusion [36] and cellular aging [37] . In the current study, we observed that exposure of primary neurons to FAC decreased the level of secreted sAPPα in the culture media (Figure 2) . Together, the evidence of the beneficial role of secreted sAPPα indicates that iron overload mediates a decrease in secreted sAPPα that might lead to harmful consequences. This possibility is of particular relevance to neurological disorders, given that the secretion of sAPPα is affected in multiple CNS diseases including Alzheimer's disease [38] , bipolar disorder [39] and amyotrophic lateral sclerosis [40] . Although it is well known that excess Aβ in aggregated form is neurotoxic, physiological concentrations of Aβ have been reported to possess neurotrophic effects and cognitive functions similar to those of sAPPα [41, 42] . Blocking Aβ production in neurons has been shown to cause neuronal death, whereas supplementing with exogenous Aβ peptide at picomolar levels could protect neurons from such damage in a dosedependent manner [43] . Moreover, picomolar levels of endogenous Aβ enhance long-term potentials and hippocampaldependent memory in mice [44, 45] . Furthermore, it has recently been suggested that the loss of function of Aβ, rather than its accumulation, has a pathogenic role in AD [46] . In the present study, the concentration of Aβ 1-40 we detected in the conditioned medium from untreated neurons was 137.0±7.5 pg/mL medium (equal to picomolar level), whereas the level of Aβ in the iron-exposed primary neurons was significantly lower and deviated from the physiological level ( Figure 3B ). It is therefore likely that iron-induced influence on Aβ levels might negatively affect the normal physiological functions of Aβ.
Similarly, the decreased secretion of Aβ after iron treatment has also been observed in brain vascular smooth muscle cells [21] . Moreover, down-regulatory effects on Aβ levels have recently been shown for other bio-metals such as zinc and copper [47] . Nevertheless, in another study, iron overload has been found to promote Aβ secretion in SH-SY5Y neuroblastoma cells [22] . The most likely reason for this inconsistency might be the different cell types used for experiments. Our current study was conducted in primary neurons, which are known as highly differentiated cells in which the secretory pathway is under tight control [27] , and the processing of APP in primary neurons is different from that in neuronal cell lines [24] . BACE1 is responsible for β-cleavage of APP amyloidogenic processing. Interestingly, the enzymatic activities of BACE1 in neurons, as well as purified BACE1 were both decreased by FAC ( Figure 4B and 5) , thus indicating the direct inhibition of BACE1 by FAC. This inhibition at least partially explains the decreased secretion of sAPPβ and Aβ in primary neurons induced by FAC. Furthermore, the inhibitory effect on BACE1 might be iron specific, because iron in other forms or valance states such as FeSO 4 , FeCl 3 and ammonium iron sulfate hexahydrate, also exhibited similar inhibitory effects on purified BACE1, whereas other metal ions including zinc, magnesium and copper, had less influence than iron on BACE1 activity (data not shown).
Iron overload induced obvious alternation in both non-amyloidogenic and amyloidogenic processing of neuronal APP. However, the initiation step of the dysregulated processing remains unclear. Previous studies have suggested that inhibition of BACE1 activity increases sAPPα levels [48, 49] . In contrast, sAPPα has been reported as an extracellular ligand that modulates APP and Aβ metabolism through interactions with various proteins including LRP-1 and Aβ, thereby affecting Aβ clearance. Moreover, sAPPα was confirmed to be an endogenous inhibitor of BACE1 activity, thus potentially decreasing the generation of Aβ (reviewed by Habib [32] ). Therefore, because iron directly inhibits BACE1 activity, it is likely that increased iron firstly induces BACE1 inhibition and the amyloidogenic pathway, in turn promotes the non-amyloidogenic pathway and sAPPα cellular retention. BACE1 activity is further inhibited as a result of increased sAPPα. These abnormal iron-induced changes create a vicious cycle that leads to the 
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Chen YT et al Acta Pharmacologica Sinica dysregulation of APP processing in neurons. However, further studies are necessary to provide a comprehensive understanding of the underlying molecular mechanisms. In summary, we found that iron aberrantly modulates the metabolism of endogenous APP in primary neurons. As dysmetabolism of iron is an important factor involved in multiple CNS disorders, the current data expand understanding of the underlying mechanisms of iron-associated neurological damage.
